Background
==========

Resveratrol (trans-3,4\',5-trihydroxystilbene, RES), a phytoalexin found in grapes and other food products, is considered as a cardio-protective drug and a potential cancer chemo-preventive agent \[[@B1]-[@B6]\]. Through inhibitory effects on the oxidative modification of low density lipoproteins, RES can block internalization of oxidized lipoproteins responsible for its cardio-protective quality. In addition, RES can inhibit the growth of a variety of tumor cells *in vitro*and in animal models \[[@B7]-[@B9]\] through its anti-cancer properties including prevention, delay, and reversal of tumor initiation, promotion and progression. This is partly attributable to RES antioxidant activity and inhibitory effect on the hydroperoxidase activity of cyclooxygenase (Cox 1 and 2); furthermore, RES can inhibit transcription factors such as NF-kB, apoptotic protease activating factors (Apaf-1), and AHR, growth of estrogen responsive cells and induce accumulation of p53 \[[@B10]-[@B14]\]. Some studies indicated that RES has a molecular structure similar to diethylstilbesterol displaying estrogen-like agonistic and antagonistic activity. Therefore, RES could bind to the estrogen receptor (ER) and thereby activate the transcription of estrogen-responsive reporter genes \[[@B15]-[@B17]\]. However, most of the *in vivo*studies have failed to confirm the estrogen-like potential of RES.

Caveolins are plasma membrane rafts present in most cells, and were first characterized morphologically as small flask-shaped plasma membrane invaginations \[[@B18]\]. The typical caveolin-1 (CAV1) protein is a principal component of the caveolin family and its reduced or absent expression was shown in most human cancer cells. Several lines of evidence support CAV1 function as a \"transformation suppressor\" protein. Over expression of CAV1 blocks anchorage-independent growth of transformed cells. A varied array of functions has been proposed for caveolins, including modulation of signal transduction, endocytosis, potocytosis, and cholesterol trafficking. CAV1 can suppress epidermal growth factor tyrosine kinase (EGF), extra-cellular signal-regulated kinase (ERK), endothelial nitric-oxide synthase, threonine protein kinase, serine protein kinase such as Src family TK, PKCα, H-Ras via the CAV1 scaffolding domain that combines with these genes \[[@B19]-[@B24]\]. In addition, some reports suggest that CAV1 mediates mitogen-activated protein kinase (MAPK)-dependent CREB phosphorylation activating ERα and ERβ through its scaffolding domain similarly to ERα and ERβ activation by RES \[[@B15]-[@B17],[@B25]\]. However, the CAV1-dependent mechanism(s) by which RES may trigger cell signaling remains to be determined.

This study analyzes whether and how CAV1 is involved in the cytotoxic and pro-apoptotic actions of RES in a human hepatocellular carcinoma (HCC) model. Lentiviral vectors expressing short hairpin RNAs (shRNAs) against the CAV1 gene \[[@B26]\] such as wild type (Wt CAV1), a scaffolding domain (81-101AA)-defective CAV1 mutant (CAVM1) and a cholesterol shuttle domain (143-156AA)-defective CAV1 mutant (CAVM2) were constructed and transfected into the human Hepatoblastoma cells HepG2; these cells display constitutively low levels of endogenous CAV1 \[[@B27],[@B28]\]. The effects of WtCAV1, CAVM1 and CAVM2 expression on cell growth, apoptosis, and Topoisomerase-α -Topo II/P38 transcription in response to various doses (0\~300 μm) of RES were analyzed *in vivo and in vitro*. Furthermore, the contribution of CAV1 to the influx and efflux of cellular RES was investigated by high performance liquid chromatography (HPLC) and its intracellular distribution by RES derivatives (RES-dansyl chloride) as fluorescent probes.

Materials and methods
=====================

Materials
---------

Plasmid extraction kit (Promega, Madison, USA), and BCA protein quantitative kit (Pierce, Rockford, USA) were purchased. BlueRanger pre-dye protein molecule standard and protein fluorescence detection kit were from HyClone (South Logan, USA). Rabbit anti-human CAV-1(N-20), extra-cellular signal-related kinase1/2 (ERK1/2, K-23) and p38 kinase(H-147) polyclonal antibodies; mouse anti-human caspase-3(E-8), mouse anti-Topoisomerase-alpa (Ki-S1), mouse anti-human β-actin monoclonal antibody and phosphorylated proteins of ERK1/2(p- ERK1/2(E-4)); Cy3-conjugated goat anti-mouse IgG, goat anti-rabbit immunoglobulin G (IgG) and goat anti-mouse IgG antibodies coupled to horseradish peroxidase were all from Santa Cruz Biotechnology (Santa Cruz, USA). Alexa Fluor 488 -conjugated goat anti-rabbit IgG (H+L) antibody, Lipofectamine 2000 reagent, geneticin (G418) and blasticidin were purchased from Invitrogen (Carlsbad, USA); Cell medium and antibiotics were from Gibco-BRL (Paisley, Scotland, United Kingdom). Fetal bovine serum (FBS) was from HyClone (Logan, UT). Dansyl Chloride was purchased from Amresco. Resveratrol(trans-3,4\',5-trihydroxystilbene, RES), special P38 mitogen-activated protein kinases inhibitor (SB203580), trans-Ferulic acid(trans-4-Hydroxy-3-methoxycinnamic acid, t-FA), Diethylstilbestrol(DES), Tamoxifen citrate and all other reagents used for immunofluorescence and Western blots were from Sigma and of the highest grade available.

Plasmids
--------

The mammalian GFP Fusion expression vector for human wild-type CAV1 was constructed by inserting the human CAV1 cDNA into pcDNA3.1/NT-GFP-TOPO \[[@B27]\]. Mutant CAV1 with the deletion of the scaffolding domain (CAVM1, CAV1-81-101aa) and mutant CAVM2 (lacking the lipid domain 143-156aa, CAVM2, CAV1-143-156) were generated by PCR mutagenesis using pcDNA3.1/NT-GFP-TOPO-CAV1 as a template and the GFP reporter vector as previously described. We used lentiviral expressed short hairpin RNAs (shRNAs) against CAV1.

Cell culture
------------

The human Hepatoblastoma carcinoma-2 HepG2 cell line was obtained from the Cell Bank, Chinese Academy of Sciences Shanghai Institute of Cell Biology, and cultured in Dulbecco\'s modified Eagle\'s medium supplemented with 10% fetal bovine serum (HyClone), 100 μg/ml penicillin and streptomycin, 4 mM/*L*glutamine, 1 mM MEM sodium pyruvate in a humidified 37°C incubator with 5% CO~2~. One day prior to the transfection, cells were plated into a 10 cm tissue culture plate and grown to 90%--95% confluence. The day after, 9 μg of plasmids (CAV1, CAVM1, CAVM2 and GFP reporter vector respectively) were transfected into the HepG2 cells using 10 μl of Lipofectamine 2000 reagent, according to the manufacturer\'s instructions. Forty-eight hours after transfection, Geneticin (500 μg/ml) was used to select stable transfectants. In addition, to obtain stable knockdown effect, the lentiviral supernatant expressed short hairpin RNAs (shRNAs) against the CAV1 gene was added into HepG2 cells, and 5 μg/ml blasticidin was used to select stable transfectants 48 h post-transduction. The medium was changed every 3 to 4 days until Geneticin or blasticidin-resistant colonies appeared. Single colonies were picked and grown in selection medium in 24-well-plates.

Cell viability assay
--------------------

Cell viability was measured by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay by solubilization the formazan with DMSO (dimethyl sulfoxide). Stable transfections of HepG2-CAV1, HepG2-CAV M1, HepG2-CAV M2, HepG2-GFP, HepG2-shRNACAV1 and vehicle control were seeded in 96-well plates at a density of 4000 cells/well. After overnight culture, the cell were treated with different final concentrations of RES (0, 10, 20, 30, 50, 100, 150, 200, 300 μmol/l). Control cultures containing absolute DMSO (0.1--0.3% dimethyl sulfoxide) were also established. Different RES concentrations were prepared freshly at each use by dissolving RES powder in absolute DMSO followed by serial dilutions in medium. Experiments were done in triplicates. Cell viability was measured by MTT assay at 24, 48 and 72 h culture time. The quantity of formazan product was measured by spectrophotometric microtiter plate reader (Dynatech Laboratories, Alexandria, VA) at 570 nm wavelength. Results were expressed as a percentage of growth, with 100% representing control cells treated with DMSO alone.

Apoptosis and cell cycle distribution analysis
----------------------------------------------

Cells were plated in 10-cm culture dishes and grown to 60--70% confluence within 24 hr. After overnight culture and cell adherence to the bottom, the culture medium was replaced by FBS-free DMEM. After 12 h, DMSO (0.1--0.3%) or RES (0--300 μmol/l) was added. Both adherent and floating cells were harvested 24 h, 48 h and 72 h after treatment. Subsequently, cells were fixed with 70% ethanol in ice-cold PBS and stained with propidium iodide (final concentration of 50 mg/L) in the dark for 30 min at room temperature. Finally, cells were subjected to apoptosis and cell cycle analysis by flow cytometry using a FACS Calibur. All experiments were performed in duplicate.

RES treatment of the HepG2 xenografts in nude mice
--------------------------------------------------

The mice in this study were supplied by the Vital River Laboratory Animal Technology Co. Ltd. (SCXK (Beijing), 2007-0001), which is certified by the Charles River Laboratories (CRL, USA). All mice were cared for and maintained in accordance with animal welfare regulations under an approved protocol by the Beijing Bureau of Science Animal. 40 Balb/c-nu female nude mice weighing 17--20 g were randomly assigned to 5 groups. Xenografts were established by injecting 5 × 10^6^HepG2 cells with different stable transfectants (none, He-CAV1, He-CAVM1, He-CAVM2, He-GFP and He-CAVRNAi) in 200 μl PBS into the back of each mouse. Ten days after inoculation, mice were divided into a control group and a RES treatment group (each group including four mice; two CAVRNAi-transfected mice and one HepG2-transfected mouse died before RES administration). RES (15 mg/kg body) was administered intra-peritoneal once every other day for 21 consecutive days. Untreated HepG2-implanted mice were given sterilized water following the same schedule. Tumor volume was determined every 2--3 days by direct measurement with calipers and calculated using the formula, \[width^2^(mm^2^) × length (mm)\]/2. After scarification on day 30 tumor specimens and livers of each animal were removed, weighed and the RES content in both tissues was determined using HPLC analysis.

Resveratrol analysis by HPLC
----------------------------

Cells were harvested in ice-cold PBS (1 mL per 50 cm^2^flask) and pelleted at 1500 × g for 5 minutes after washing them twice in ice-cold PBS. Cells were re-suspended in 50 μl NP-40 Cell Lysis Buffer (50 Mm Tris-HCl, 150 mM NaCl, 1% Nonide P-40, pH7.8) and homogenized by sonication for 10 seconds on ice. The protein concentration of cell lysates was determined by a bicinchoninic acid (BCA) kit analysis. An equal volume of 5.6 μg/ml inner standard solution was added (trans-Ferulic acid dissolved in methanol). The mixture was vortexed for 5 min, followed by centrifugation at 12,000 × *g*(4°C for 15 min). Twenty μl samples were injected into the HPLC device (Agilent 1100 series), separated on columns (Hypersil C18), eluted by mobile phase consisting of methanol:water: phosphate acid = 45:55:0.1 (v:v), at a flow rate of 0.8 mL/min, room temperature, and detected by Diode Array Detector at 320 nm. To test whether the molecular structure of RES is similar to diethylstilbestrol (DES), 10^-6^\~10^-4^M/L DES plus RES were set to compete for ER activation. Furthermore, 10^-5^M/L Tamoxifen was added 4 h before RES administration.

Synthesis of RES derivative fluorescent probes
----------------------------------------------

RES derivatives were synthesized with the modification of dimethylaminonaphthalene sulfonyl chloride (dansyl chloride, DAN). After laser excitation of RES-DAN at 403.8 nm the emitted fluorescence of the RES derivates could be was measured at 530 nm and was assessed to compare the intra-cellular distribution of RES with that of CAV1. A solution of 228 mg (1.0 mmol) of RES in 10 mL of acetone was added into a mixture of 1 g of K~2~CO~3~and 10 ml acetone in N~2~atmosphere, 270 mg (1.0 mmol) of DAN in 10 mL of acetone added in sequential drops while cooling with an ice/water bath. The reaction mixture was stirred for 20 min at room temperature and heated to reflux for 2 h. The organic solution was filtered, dried by evaporation and allowed to crystallize in acetone to result in a yellow powder. Cells were then exposed to RES-DAN (300 μmol/L) for 2 h, after washing them twice with ice-cold PBS. The intra-cellular distribution of recombinant CAV1 was detected by incubation with mouse anti-GFP monoclonal antibody (1:200) and Cy3-conjugated goat anti-mouse antibody (1:500) for 45 min. After three additional washings, the co-localization of RES and CAV1 were observed and photographed using a Zeiss 510 laser confocal microscope \[[@B29]\].

Confocal immunofluorescence imaging and immunohistochemistry
------------------------------------------------------------

After incubation with or without 200 μmol/l RES for 24 h, cells were fixed with methanol/glacial acetic acid solution (3:1) for 15 min, permeabilized with 0.25% Triton+5% DMSO at 37°C for 20 min, blocked with TBST containing 5% defatted milk powder at 37°C for 2 h, incubated with rabbit anti-human CAV1 antibody and mouse anti-Topoisomerase-alpha (Ki-S1) (1:150) and blocked at 4°C overnight. Cells were then washed three times with TBST before and after incubation together with Alexa Fluor 488-conjugated goat anti-rabbit IgG (H+L) antibody and Cy3-conjugated goat anti-mouse antibody (1:500) for 45 min. The results were observed and photographed using a Zeiss 510 laser confocal microscope. The paraffin-embedded tumor samples were cut in-5 μm-thick sections with a microtome. After de-paraffinization, rehydration and antigen recovery, tissue sections were examined for expression of CAV1 and Topoisomerase-alpha proteins by CAV1 and Topoisomerase-alpha antibody. Primary antibody staining was followed by incubation with anti-mouse or anti-rabbit secondary IgG polymer conjugated with HRP or Alkaline phosphatase and signals were verified using Double Polymer Staining Detection System (ZSGB-BIO, China).

Immunoblotting
--------------

Immunoblotting of phosphorylated ERK1/2, p38 kinase, and caspase-3 was carried out using phospho-specific MAP kinase antibodies against phosphorylated sites of ERK1/2, p38 kinase, or active caspase-3, respectively. As control, total ERK1/2, p38 kinase, and caspase-3 were analyzed with the respective specific antibodies following manufacturer\'s instructions (Santa Cruz Biotechnology). In brief, HepG2 cells or HepG2 Cells with different transfectants were starved for 24 h in 0.1% FBS DMEM at 37°C, in a 5% CO2 atmosphere incubator. Cells were then treated with RES (10--200 μmol/l) or DMSO (0.1%) for 24 h. In addition, another group of HepG2 cells treated with 20 μm SB202190 for 1 h followed by treatment with 200 μM RES were cultured for an additional 24 h. Cells were then washed once with ice-cold PBS and lysed in 200 μl lysis buffer (50 Mm Tris-HCl, 150 mM NaCl, 1% Nonide P-40, Ph 7.8) and protease inhibitor. After sonication and centrifugation (10,000 g for 15 min,) equal lysates (20 μg) were tested for levels of CAV1, phosphorylated ERKs, p38 kinase and caspase-3 levels by Western immunoblotting using specific antibodies and chemi-luminescence detection as previously described \[[@B30]\].

Statistical analysis
--------------------

All experiments were repeated three times. Data are presented as the mean ± SD. Statistical significance was evaluated by an ANOVA and a Bonferroni adjustment applied to the results of a *t*-test performed with SPSS software. Differences between groups were analyzed by a Student\'s *t*-test. *P*\< 0.05 was considered statistically significant.

Results
=======

Dose-and time-dependent cell death induced by RES in human hepatoblastoma carcinoma HepG2 cells
-----------------------------------------------------------------------------------------------

To determine whether CAV1 is involved in the cytotoxic and pro-apoptotic activity of RES, HepG2 cells were treated with different doses of RES (0, 10, 30, 50, 100, 200 and 300 μmol/L). MTT and flow cytometry were used to detect inhibitory effects of RES on the growth of serum-stimulated HepG2 cells. As shown in Table [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"} and Figure [1A](#F1){ref-type="fig"} and Figure [1B](#F1){ref-type="fig"}, the MTT assay indicates that RES inhibits significantly the growth of serum-stimulated HepG2 cells in a concentration-dependent manner. Cell cycle distribution indicated that high concentrations of RES induced a marked increase in cell number in sub-G1 and G0/G1 phase, with a corresponding decrease in other phases. Interestingly, concentrations of RES between 10 and 100 μM induced a modest but reproducible increase in cells at S phase. Increased apoptosis ratios were observed at increasing RES concentrations (Tables [3](#T3){ref-type="table"} and [4](#T4){ref-type="table"} and Figure [1](#F1){ref-type="fig"}). HepG2 cells were also treated with 200 μmol/L RES for 24, 48 and 72 h; cell growth inhibition increased in time in the control HepG2 cell lines from 55.45 ± 1.4, 68.91 ± 1.8, 78.83 ± 3.9 compared to baseline levels after 24, 48 and 72 h respectively. Significant increase of growth inhibition ratio was observed in HepG2 cells over-expressing CAV1 (68.32 ± 2.0, 80.12 ± 1.7, 90.02 ± 4.0, Table [2](#T2){ref-type="table"}) and a significant reduction was observed in HepG2 cells in which CAV1 activity was inhibited (CAVRNAi). CAV1 and CAVM2 over-expressing HepG2 cells induced spontaneous apoptosis and increased the cytotoxic and pro-apoptotic effects of RES. CAV1 or CAVM2 promote apoptotic cell death by inducing plasma membrane crimple, small volume changes, increased density and changes in nuclear morphology (Figure [1C](#F1){ref-type="fig"}). A statistically significant difference (p \< 0.05) was observed in apoptotic index at 50, 100, 200 and 300 μmol/L RES concentrations (10.93 ± 1.5, 31.2 ± 2.1, 63.2 ± 0.8, 80.6 ± 1.9) in CAV1 over-expressing cells (17.91 ± 2.5, 78.7 ± 1.7, 93.6 ± 2.0, 97.1 ± 1.7, Table [3](#T3){ref-type="table"}). In contrast, apoptotic cells were significantly reduced in HepG2 cells expressing scaffolding domain deleted (CAV1^Δ^81--101) mutant. Down-regulation of CAV1 expression by shRNA correlated with decreased RES-induced growth inhibition (Table [3](#T3){ref-type="table"}). These results suggest that RES can induce a dose- and time-dependent death of HepG2 cells, and over-expression of CAV1 can increase the cytotoxic and pro-apoptotic activity of RES even more.

###### 

Cell growth inhibition of HepG2 cells by 24 h treatment with 0.1--0.3% DMSO, RES or 5-FU

  Cell growth inhibition ratio (%)                                                                               
  ---------------------------------- ------- ------- --------- --------- --------- --------- --------- --------- ---------
                                     DMSO    10      20        30        50        100       200       300       100
  HepG2                              0.046   11.88   17.49     22.03     30.50     45.95     51.45     65.93     50.86
  CAV1                               0.035   19.72   24.08\*   37.13\*   45.54\*   57.54\*   68.32\*   87.89\*   64.66\*
  CAVM1                              15.97   22.63   25.03     33.82     45.98     55.78     72.34     48.48     0.047
  CAVM2                              13.91   19.39   26.44     34.77     47.55     57.27     76.56     42.46     0.029
  RNAi                               0.023   8.15    12.94     16.07\*   24.34\*   33.52\*   41.23\*   55.37\*   32.83\*
  GFP                                0.034   10.32   18.07     22.34     30.84     45.37     54.04     67.12     53.23
  CAV1                               0.035   19.72   24.08\*   37.13\*   45.54\*   57.54\*   68.32\*   87.89\*   64.66\*

\*P \< 0.05 vs control, \[ ± SD, SD = 0.8\~2.5), n = 3\]

RNAi = CAVRNAi

###### 

Cell growth inhibition of HepG2 cells by 24, 48 and 72 h treatment with 200 μM RES

  Cell growth inhibition ratios (%)                                   
  ----------------------------------- --------------- --------------- ---------------
  HepG2                               55.45 ± 1.4     68.91 ± 1.8     78.83 ± 3.9
  DMSO                                1.00 ± 0.9      1.53 ± 1.6      1.72 ± 0.7
  CAV1                                68.32 ± 2.0\*   80.12 ± 1.7\*   90.02 ± 4.0\*
  CAVM1                               55.78 ± 1.0     74.83 ± 2.8     82.46 ± 1.6
  CAVM2                               57.27 ± 1.2     76.79 ± 1.6     84.35 ± 2.6
  CAVRNAi                             41.23 ± 1.5\*   55.39 ± 1.2\*   68.27 ± 1.9\*
  GFP                                 54.04 ± 1.6     70.06 ± 1.1     76.27 ± 1.7

\*P \< 0.05 vs control, ( ± SD, n = 3)

###### 

Apoptosis induction in HepG2 cell variants by 48 h treatment with DMSO or 20--300 μM RES

            Percent Apoptosis (%)                                                              
  --------- ----------------------- ------------ --------------- -------------- -------------- --------------
  HepG2     1.53 ± 1.6              6.83 ± 1.9   10.93 ± 1.5     31.2 ± 2.1     63.2 ± 0.8     80.6 ± 1.9
  CAV1      3.62 ± 1.8              13.2 ± 1.0   17.91 ± 2.5\*   78.7 ± 1.7\*   93.6 ± 2.0\*   97.1 ± 1.7\*
  CAVM1     2.19 ± 1.8              9.62 ± 1.1   13.5 ± 1.8      23.1 ± 0.9     74.1 ± 1.8\*   90.3 ± 0.6\*
  CAVM2     3.08 ± 1.3              11.5 ± 1.4   15.3 ± 1.6      50.1 ± 1.7\*   83.4 ± 1.5\*   93.5 ± 2.4\*
  CAVRNAi   1.37 ± 1.7              5.05 ± 1.4   9.78 ± 1.1      24.8 ± 2.5     57.7 ± 2.4     75.4 ± 3.1
  GFP       1.44 ± 1.1              6.05 ± 1.8   11.2 ± 2.0      32.7 ± 1.6     65.4 ± 2.1     82.3 ± 3.0

\*P \< 0.05 vs control, ( ± SD, n = 3)

###### 

Cell cycle distribution of HepG2 cells after treatment with or without RES for 48 h

            Cell cycle distribution                                                                                                        
  --------- ------------------------- ------ ------ ------ ------ -------- ------ ------ -------- -------- ------ -------- -------- ------ ------
  HepG2     76.3                      9.6    14.1   73.0   13.5   13.5     25.3   4.8    69.9\*   34.9     7.4    57.7\*   72.7\*   8.8    18.5
  CAV1      57.9                      10.0   32.1   15.4   7.5    77.1\*   27.5   21.4   51.1\*   65.8\*   1.6    32.6     73.5\*   24.2   2.3
  CAVM1     58.9                      16.0   25.0   69.5   8.9    21.6     33.9   10.5   55.7\*   39.9     20.0   40.1\*   79\*     8.6    12.4
  CAVM2     68.2                      11.1   20.7   72.5   3.8    23.7     30.5   8.4    61.1\*   75.8\*   3.1    21.1     74.1\*   8.5    17.4
  CAVRNAi   57.8                      10.2   38.1   45.3   16.4   32.3     37.5   21.1   55.0\*   64.9\*   19.5   15.7     69.2\*   13.1   17.7
  **GFP**   77.4                      5.9    16.7   73.2   14.0   12.5     22.3   6.0    71.7\*   30.4     7.8    61.8\*   70.0\*   10.5   20.5

\*P \< 0.05 vs control, \[ ± SD, SD = (0.8\~3.7), n = 3\]

![**(A) The six cell groups were pre-treated with 200 μM RES for 48 h, and apoptotic cell ratios were then measured by flow cytometry**. (B) Percentage of dead cells calculated for HepG2 cells variants treated with 200 μM RES for 48 h. Percentage of cell death was calculated over control. Data are presented as mean ± SD. Values represent the average of three different experiments. (C) Fluorescence imaging of CAV1 and CAVM2 overexpressing cells. \*, statistical differences from the HepG2 cell control, p \< 0.05.](1479-5876-7-22-1){#F1}

Synergistic anti-tumor activity of RES and CAV1 in nude mice
------------------------------------------------------------

The above results indicate that CAV1 is a potentiator of the effects of RES on HepG2 cells *in vitro*. We next evaluated the activity of CAV1 mutants on the growth of HepG2 cells in nude mice subjected or not to RES treatment. HepG2 cells expressing the different CAV1 mutants (5 × 10^6^cells/animal) were implanted subcutaneously in the animals back. Within 30 days of implantation, GFP control vector HepG2 cells had an average tumor size of 400 ± 15 mm^3^. In contrast, xenografts from cells stably expressing CAV1 or CAVM2 were significantly smaller with an average tumor size of 325 ± 10 mm^3^and 340 ± 13.4 mm^3^(Figure [2](#F2){ref-type="fig"} and Table [5](#T5){ref-type="table"}). On the other hand the over-expression of mutant CAVM1 protein with deletion of the scaffolding domain 80-101aa promoted proliferation and malignant transformation compared to the parental cell lines and GFP vector-only transfectants (586 ± 21 mm^3^). RES (15 mg/kg body) administered intra-peritoneal every other day for 21 consecutive days starting at day 10 after tumor cell inoculation induced significant inhibition of tumor growth in all HepG2 cells whether wild type or expressing one of the various mutant constructs (Table [5](#T5){ref-type="table"}). However, regression was more dominant in xenografts of HepG2 cells stably expressing CAV1. Furthermore, RES could reverse CAVM1 or CAVRNAi proliferative effects.

###### 

Effect of RES on HepG2 variant xenograft weight

  ----------------------------------------------------------------------------------------------------------------
  **Group**   **RES**\      **n**   **Tumor**\          **Inhibitory rate %**   **Intra-group inhibitory rate%**
              **(mg/kg)**           **weight/mg**                               
  ----------- ------------- ------- ------------------- ----------------------- ----------------------------------
  HepG2       0             4       222.50 ± 22.5                               

  HepG2       15            4       173.33 ± 33.3^a^    22.11                   22.11

  CAV1        0             4       165.50 ± 10.2 ^a^   25.84                   

  CAV1        15            4       92.50 ± 15.1^b^     58.43                   44.12

  CAVM1       0             4       337.50 ± 20.6 ^a^   -51.68                  

  CAVM1       15            4       117.50 ± 12.5 ^b^   47.19                   65.19

  CAVM2       0             4       170.00 ± 18.9 ^a^   23.61                   

  CAVM2       15            4       142.50 ± 15.1 ^b^   35.96                   16.17

  CAVRNAi     0             2       247.50 ± 7.07 ^a^   -11.21                  

  CAVRNAi     15            4       230.00 ± 6.80^b^    -3.37                   7.07
  ----------------------------------------------------------------------------------------------------------------

Values are means ± SEM, *n*= 4.

a\. *P*\< 0.05 vs control group.

b\. *P*\< 0.05 vs corresponding untreated group (RES at doses of 0 mg/kg)

![**Effects of RES treatment on final tumor weight (A) and volume (B, C) in HepG2 cell variant xenografts**. CAV1, CAVM1, CAVM2, CAVRNAi and HepG2 cells (5 × 10^6^cells/0.2 ml) were implanted subcutaneously into the back of Balb/c-nu female mice on day 0. RES treatment (15 mg/kg body) was started ten days after implantation. The tumor volume was calculated every 2 to 3 day. Values represent means × SEM, *n*= 4. a. *P*\< 0.05 vs. control group. b. *P*\< 0.05 vs. corresponding untreated group.](1479-5876-7-22-2){#F2}

HPLC analysis of RES-treated cells
----------------------------------

After incubation with RES (50, 100, 150, 200, 250, 300 μM) for 2 h, 10 h, 24 h and 48 h, HepG2 cell plasma extracts were analyzed by HPLC. Intra-cellular RES concentration was increased in a dose- and time-dependent manner, but lower than the RES concentration in the supernatant (Data not shown). We therefore addressed whether CAV1 can induce endocytosis specifically and indeed intra-cellular RES concentration was increased about 2-fold in HepG2 cells stably expressing CAV1 or CAVM1 compared to HepG2 wild-type or GFP-transduced. Conversely, increased intra-cellular transport disappeared in cells stably expressing CAVM2 and CAVRNAi (Figure [3](#F3){ref-type="fig"}). To test whether the potential similar molecular structure of RES compared with DES may also display estrogen-like agonistic and antagonistic activity, we mixed 10^-6^\~10^-4^M/L DES plus RES in a competitive assay. Intra-cellular RES concentration was not significantly different between the two conditions. Thus, RES concentration was increased two-fold in CAV1, CAVM1 HepG2 cells compared to HepG2 wild-type or GFP-transfectants independent of DES treatment (Figure [3D, E](#F3){ref-type="fig"} and Figure [3F](#F3){ref-type="fig"}). Furthermore, the estrogen receptor (ER) was blocked by 10^-5^M/L Tamoxifen citrate without altering the results (data not shown) suggesting that CAV1 induces endocytosis specifically and independent of ER activation. Furthermore, this data suggest that the 143--156 amino acids of the lipid-binding domain of CAV1 play a key role. On the contrary, the 81--101 amino acids scaffold-domain of CAV1 is irrelevant to CAV1-mediated internalization and trafficking of RES.

![**(A) HepG2 variants were pre-treated for 24 h with 200 μM RES and RES concentrations were detected in the cytoplasm by HPLC**. (B) -- Values for individual variants. (C) -- Res concentration in the cytoplasm of individual HepG2 cells after 24 h pre-treatment with 200 μM RES. Each bar represents the mean ± S.E.M. of three independent experiments. (D) Cytoplasmic RES concentration in HepG2 variants after 10^-6^\~10^-4^M/L Diethylstilbestrol (DES) plus RES measured by HPLC. (E) Individual variant values. (F) Mean ± S.E.M. values of three individual experiments. \*, statistically significant differences between experimental variant and HepG2 cell control, p \< 0.05.](1479-5876-7-22-3){#F3}

Co-localization of RES and CAV1
-------------------------------

To gather additional supporting evidence that RES may be transported into cells by CAV1 via its cholesterol shuttle domain, the co-localization of RES and CAV1 was investigated in HepG2 cells. Dansyl chloride-derived RES stained with green fluorescence (Figure [4A](#F4){ref-type="fig"} section A) and recombinant CAV1 staining with red fluorescence (Figure [4A](#F4){ref-type="fig"} section B) co-localized in the CAV1-expressing HepG2 (Figure [4A](#F4){ref-type="fig"} section C). We then analyzed the distribution of RES and CAVM2 (a cholesterol binding domain-defective CAV1 mutant) in pooled HepG2 cells and the over-expressing CAVM2 cells which displayed similar distribution of RES (Figure [4A](#F4){ref-type="fig"} section D). However, the over-expressing CAVM2 cells could be distinguished from non transfected HepG2 cells because of the red fluorescence (Figure [4A](#F4){ref-type="fig"} section E). In these cells, the labeling occurred mainly close to the membrane of the HepG2 cell and to a lesser extent in the cytoplasm where only a weak co-localization with RES could be observed (Figure [4A](#F4){ref-type="fig"} section F). These data strongly suggest that RES is transported into cells by CAV1.

![**(A) -- Co-localization of RES and CAV1 in HepG2 cells -- Transport of dansyl chloride-derived RES with green fluorescence (A) and recombinant CAV1 distribution with red fluorescence (B) and the two combination of both (C)**. Pooled HepG2 cells and CAVM2 cells bearing green (D) or red fluorescence (E). Over-expression of CAV1 by CAVM2 cell groups separates transfected from nontransfected HepG2 cells (E); the images are over-imposed in (F). Experiments were repeated 3 times, with similar results. (B) -- Immunohistochemistry of tissue microarrays. (Magnification 400×). Immunoreactivity of CAV1 (red) and topoisomerase-alpha (Buffy) in HepG2 variant xenografts with (RES+) or without RES treatment (RES-). (C) Immunofluorescence of CAV1 and topoisomerase-alpha -- Comparison of untreated (left) or RES-treated for 24 h (100 μM) (right). Localization of CAV1 and topoisomerase-alpha was visualized by indirect immunofluorescence. Microphotographs of a single field stained with anti-CAV1 (green) and topoisomerase-alpha (red) antibodies. (Magnification 400×) Experiments were repeated 3 times, with similar results.](1479-5876-7-22-4){#F4}

Confocal immunofluorescence and immunohistochemistry
----------------------------------------------------

CAV1 and topoisomerase-alpha protein expression in tissue and cells was studied by Immunofluorescence and Immunohistochemistry. As shown in Figure [4B](#F4){ref-type="fig"} and Figure [4C](#F4){ref-type="fig"} CAV1 and topoisomerase-alpha proteins were minimally expressed by HepG2 cells and respective xenografts not treated with RES. CAV1 was predominantly located around the cell membrane while topoisomerase-alpha was found in the nuclei. RES pre-treatment (100 μM) promoted the expression of CAV1 or topoisomerase-alpha while topoisomerase-alpha expression was inhibited completely in CAVRNAi cells. However, 100 μM RES pre-treatment recovered topoisomerase-alpha expression in CAVRNAi cells.

RES increases CAV1 expression and MAPKs activity in HepG2 cells
---------------------------------------------------------------

Previous studies showed that RES induces apoptosis through a caspase-dependent pathway. Therefore, the activity of caspase 3, a major component of the caspase pathways, was analyzed. In addition, the role ERKs and p38 kinase in regulation of caspase-3 -mediated apoptosis was studied by exposing cells to either DMSO (0.1--0.3%) or RES (0--200 μmol/l) for 24 h. CAV1, MAPKs, and caspase-3 protein levels were then determined by western blot. The data suggested that RES induces CAV1 expression in a dose-dependent manner from 30--50 μM and reached a peak value with higher concentration. Twenty-four hours after RES treatment, pro-caspase activity was reduced, and cleaved active caspase-3 was increased (Figure [5A](#F5){ref-type="fig"}). Phosphorylation of MAP kinases is essential for full kinase activation. Using phospho-specific antibodies against p38, ERKs and active caspase-3, we found that RES induced a rapid and prolonged activation of ERKs (10--50 μM) (4.1- fold induction compared to control), as well as activation of CAV1 or ERKs. Furthermore, RES increased, p-p38 and active caspase-3 expression (2.1-fold induction compared with control), whereas total ERKs and p38 kinase expression did not change. Similar results were detected in CAV1 expressing mutant cell lines (Figure [5B](#F5){ref-type="fig"}).

![**(A) HepG2 cells were treated for 24 h with 0--200 μM RES; CAV1, MAPKs, and caspase-3 protein levels were further determined by Western blot**. (B) -- HepG2 variants were treated with 200 μM RES for 24 h; CAV-1, caspase-3 and MAPKs protein levels were determined by Western blot. (C) -- HepG2 variants were pre-treated for 30 minutes with or without 20 μM of the P38 inhibitor SB203580 prior to the 24 h treatment with 200 μM RES; CAV1, caspase-3 and MAPKs protein levels were determined by Western blot. Experiments were repeated 3 times, with similar results.](1479-5876-7-22-5){#F5}

Inhibition of p38MAP kinase leads to decreased apoptosis
--------------------------------------------------------

As shown in Figure [1](#F1){ref-type="fig"} and Table [1](#T1){ref-type="table"}, RES treatment for 24 h induced apoptotic death in HepG2 cells. Activation of p38MAPK is involved in caspase-3-dependent cell death, but the role of p38 MAPK in RES-induced CAV1 expression and consequent apoptosis of HepG2 cells was not known. Therefore, HepG2 cells were pre-treated with the specific p38MAPK inhibitor SB203580 in presence or absence of RES and CAV1 and active caspase-3 expression were measured by Western blot. Indeed 20 μM SB203580 significantly reduced levels of RES-induced phospho-p38MAPK Resveratrol which was associated with significant differences in CAV1 protein expression and consequent apoptosis (Figure [5C](#F5){ref-type="fig"}).

Discussion
==========

Hepatocellular carcinoma (HCC) is the fifth most common cancer and accounts for more than 1 million deaths annually. The incidence of HCC in the Southeast Asia continues to rise steadily. Several systemic chemotherapies have been tested unsuccessfully against HCC, which remains incurable. Estrogen receptors (ERs) are localized to many sites within the cell, exposure to estrogens is a major known risk factor for breast cancer and other estrogen-mediated cancers. Experimental models suggest that estrogens stimulate hepatocyte proliferation *in vitro*and promote HCC growth *in vivo*. RES is a bioflavonoid that exists as *cis*- and *trans*-isomers, and the *trans*-isomer has greater anticancer and cardio-protective properties than the *cis*-isomer. As an estrogen analog activating ERα and ERβ, RES was suggested as a candidate chemo-preventive agent and a treatment option for HCC. CAV1, a member of Caveolin family may represent a tumor suppressor abolishing anchorage-independent growth of transformed cells and it is poorly expressed in HCC \[[@B31]\]. The close coupling between RES and CAV1 is suggested by ERα and ERβ co-localization within caveolin/lipid rafts and direct associations with caveolin-1 via its special scaffolding domain (amino acids 80 to 101). Therefore, we questioned whether RES interacting with CAV1 could suppress the proliferation of HCC. Preliminary experiments excluded the possibility that the CAV1-mediated activity of RES was due to direct CAV1-dependent activation of ERα and ERβ and proposed a novel mechanism responsible for RES-CAV1 mediated anti-cancer activity in HCC.

In this report, the data in HepG2 cells indicate that RES could inhibit the proliferation of HepG2 cells and increase their apoptosis in a time and dose-dependent fashion. In addition, our results are consistent with the notion that CAV or CAVM2 promote apoptotic cell death by inducing plasma membrane crimple, small volume changes, increased density, DNA fragmentation and changes in nuclear morphology. However, increased proliferation was not accompanied by a reduction in cell death in CAVM1 cells. An intriguing mechanism, in this regard, is the presence of scaffolding domain in caveolin-1 that binds to and inhibits the activity of several signaling proteins *in vitro*and *in situ*, including the EGF and Neu receptors, Src-family kinases (Src/Fyn), PKCs, eNOS and the heterotrimeric G-proteins \[[@B32]\]. Thus, it remains to be explained why over-expression of CAV1 by stable transfection enhances the anti-proliferative and pro-apoptotic effects of RES whereas knocking down CAV1 expression by RNAi technology induces the inverse result. Whether this observation reflects merely the superimposition of two tumor suppressor mechanisms, or CAV1 can interact synergistically with RES remains to be clarified.

Most chemo-therapeutic agents can traffic effectively to tumors and deliver their cytotoxic functions; however drug resistance is rapidly acquired predominantly through altered entrance of the drug inside cancer cells. This failure is due to rapid elimination by membrane proteins of intracellular anticancer agents pumped out of cells and cell organelles, decreasing intracellular concentrations and efficacy \[[@B33]\]. The HPLC data suggest that the distribution of RES is imbalanced between intra-cellular and extra-cellular compartments. Despite increased intracellular concentrations in a dose- and time-dependent manner, RES levels were always lower than in the supernatant (Data not shown). Interestingly, we found that intra-cellular RES concentration was increased 2-fold in HepG2 cells stably expressing CAV1 compared to HepG2 wild-type or GFP-transduced cells. To further explore the potential mechanism a scaffolding domain-defective CAV1 mutant (CAVM1) and a cholesterol shuttle domain-defective CAV1 mutant (CAVM2) were used to investigate the mechanisms of RES transport. CAVM1 transfected into HepG2 cells significantly elevated intracellular concentrations of RES up to 2 fold according to HPLC estimates; this was also consistent with CAV1 transfection experiments. However, CAVM2, with a non-functioning cholesterol shuttle domain did not enhance RES concentration in cells. More detailed characterization of CAV1-dependet RES transport required the synthesis of RES-dansyl chloride derivatives which could be utilized as fluorescent probes: RES was found to co-localize with CAV1 in HepG2 cells. In addition, RES endocytosis was not mediated through ERα and ERβ, as confirmed by lack of competitive inhibition by estrogens and tamoxifen.

Previous reports indicate that increasing levels of drug resistance are most likely due to decreased topoisomerase II protein levels \[[@B34]\]. In this study, we found that RES pre-treatment (100 μM) promotes the expression of CAV1 or topoisomerase-alpha while topoisomerase-alpha expression is inhibited completely in CAVRNAi cells. However, 100 μM RES pre-treatment recovered partially topoisomerase-alpha expression in CAVRNAi cells. These results displayed that reduced CAV1 protein levels might confer resistance and CAV1 may represent a new tool to avoid multi-drug resistance by cancer cells. Finally, we analyzed the relationship between RES and CAV1 expression and their role in inhibiting proliferation or inducing apoptosis of HepG2 cells. Immunoblotting analysis suggests that RES could up-regulate endogenous CAV1 expression, which further mediates the activation of the inhibitory p38MAPK cascade pathway and promotes the activation of the pre-apoptotic protein caspase-3.

Overall, this study confirms for the first time that over-expression of CAV1 enhances the transport of RES into HepG2 through its cholesterol shuttle domain rather than the scaffolding domain. This leads, in turn, in inhibition of proliferation and induction of HepG2 cell apoptosis mediated through the p38MAPK pathway and caspase-3 protein expression.
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